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osting by E
cense.Abstract In this report, the use of a simple and versatile technique of templated electrodeposition
through colloidal templates to produce nanostructured ﬁlms of Pt and Au with regular submicron
spherical holes arranged in a hexagonal close-packed structure is described. The templates were pro-
duced by self assembly of a monodispersed suspension of polystyrene spheres on gold substrates
using capillary forces. The self assembly process was modiﬁed through the chemical modiﬁcation
of the gold substrate with cysteamine thiol. Films of Pt and Au were prepared by electrochemical
deposition through the template. The electrochemical deposition charge and the current time curve
were used to control the ﬁlm height with a precision of approximately 10 nm. The colour of the
nanostructured ﬁlms changed as the ﬁlm thickness was changed. On the other hand, high surface
area of the nanostructured Pt ﬁlm on top of the gold substrate was calculated using electrochemical
cyclic voltammogram. About 55 roughness factor was obtained. SAXS measurements showed
strong scattering at low angles indicating the presence of a well-ordered mesostructure.
ª 2010 King Saud University. Open access under CC BY-NC-ND license.1. Introduction
Fabrication of nanostructured materials have recently at-
tracted much attention due to their unique properties which
superior those of bulk materials (Murray et al., 1995; Zhao
et al., 1998). Nanostructured materials have wide applicationsity.
lsevieras electrocatalysts (Moriguchi et al., 1997; Hoyer, 1996), sen-
sors (Scott et al., 2001), ﬁlters (Park and Xia, 1998a,b) and sur-
face enhanced Raman scattering (SERS) substrates
(Abdelsalam et al., 2007; Mahajan et al., 2007; Cintra et al.,
2006). The current literature methods of fabricating such
nanostructured materials suffer from either high cost (photol-
ithographic techniques), or poor control over the nanostruc-
ture obtained (etching methods). Instead, a templated
deposition technique for an efﬁcient and low cost fabrication
of nanostructured materials for battery and sensing applica-
tions have been developed. The template is ﬁrst assembled
from a self-organizing material. Polystyrene nanoparticles
have become widely used materials to assemble the templates,
this because the polystyrene particles are commercially avail-
able in a wide range of sizes with narrow size distribution
(Himmelhaus, 2002). Several methods for assembling colloidal
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ﬂow of solvent through micromachined channels was also used
to create dense colloidal arrays of multiple layers (Park and
Xia, 1998a,b). Moreover, capillary forces at a meniscus be-
tween a substrate and a colloidal solution was used to produce
template of spheres into a three dimensional array (Vlasov
et al., 2001; Denkov et al., 1993; Nagayama, 1996; Jiang
et al., 1999). Most of these methods can yields centimetre-scale
pieces of templates of uncontrollable thickness and with
numerous defects in the crystalline lattice (stacking faults, dis-
locations, grain boundaries and vacancies). After the forma-
tion of the templates, the interstitials spaces are then
impregnated with the desired precursors. Finally, the template
is removed, resulting in an inverse opal structured of array of
macropores that reﬂects the structure of the template. Inverse
opal ﬁlms have been prepared by several groups by inﬁltration
of the spaces between the template by metals (Bartlett et al.,
2002, 2004; Velev et al., 1999) metal oxides (Holland et al.,
1998; Wijnhoven and Vos, 1998) metal alloys (Yan et al.,
2000) and polymers (Johnson et al., 1999; Jiang et al., 1999)
with varying degrees of success in terms of the quality and reg-
ularity of the ﬁnal nanostructured material.
In this investigation a self-assembly technique which relies
on capillary forces at a meniscus between a substrate and a
colloidal solution was used to produce colloidal templates of
controllable thickness. A modiﬁcation of this approach was
used in the present work using cysteamine modiﬁed gold sur-
faces. The chemical modiﬁcation increases the wettability of
substrates which enhances the formation of good quality tem-
plates. The assemblies of polystyrene spheres were conducting
in a homemade thin layer cell which enabled to precisely con-
trol the number of layers of spheres per template.
Uniform and close-packed highly order ﬁlms of metals of
gold and platinum were prepared by electrochemical deposition
in the interstitial spaces of templates. The latter was then re-
moved by soaking the sample in tetrahydrofuran to dissolve
the polystyrene and leave the ﬁlms. Electrochemical deposition
has a number of signiﬁcant advantages. First, electrochemical
deposition produces a high density of the deposited material
within the voids of the template and leads to volume templating
of the structure as opposed to templating of material around the
surface of the template spheres. As a result there is no shrinkage
of the material when the template is removed and no need for
further processing steps or the use of elevated temperatures. In
consequence the resultingmetal ﬁlm is a true cast of the template
structure and the size of the spherical voids within the metal is
directly determined by the size of template spheres used. Second,
electrochemical deposition can be used to prepare a wide range
of materials from both aqueous and non-aqueous solutions un-
der conditions that are compatible with the template. Third,
electrochemical deposition allows ﬁne control over the thickness
of the resulting nanostructured ﬁlm through control of the total
charge passed to deposit the ﬁlm. This is a unique feature of the
approach. Fourth, electrochemical deposition is ideal for the
production of thin supported layers for applications such as
photonic mirrors since the surface of the electrochemically
deposited ﬁlm can be uniform. It is also important to note that,
because the template spheres are assembled onto the ﬂat surface
of the electrode and because electrochemical deposition occurs
from the electrode surface out through the overlying template,
the ﬁrst layer of templatedmaterial, deposited out to a thickness
comparable to the diameter of the template spheres used, has adifferent structure from subsequent layers. Subsequent growth
of the ﬁlm by electrodeposition through the template leads to
a modulation of the surface topography of the ﬁlm in a regular
manner that will depend on the precise choice of deposition bath
and conditions (Bartlett et al., 2002).
Although several metals can be fabricated using the tem-
plated deposition technique, in this paper, efforts only on the de-
tailed procedures for the fabrication of Au and Pt will be
highlighted.
2. Experimental
2.1. Materials and methods
All solvents and chemicals were of reagent quality and were
used without further puriﬁcation. The monodisperse polysty-
rene latex spheres, with diameters ranging from 200 ± 5 nm
to 5 lm± 7 nm were obtained from Brookhaven as a
1 wt% solution in water with coefﬁcient of variation in diam-
eter of 1.3%. Isopropanol, tetrahydrofuran, cysteamine, and
ethanol were obtained from Aldrich. The gold substrates
were prepared by evaporating 10 nm of a chromium adhe-
sion, followed by 200 nm of gold, onto 1 mm thick glass
microscope slides. The gold substrates were thoroughly
cleaned before used. First it was sonicated in deionised water
for 30 min followed by sonication in isopropanol for 1.5 h
then rinsed with deionized water. Finally the substrate was
dried under a pure and gentle argon stream and was used di-
rectly. All solutions were freshly prepared using reagent-grade
water (18 MX cm) from a Whatman RO80 system coupled to
a Whatman ‘‘Still Plus’’ system.
2.2. Chemical modiﬁcation of gold substrates
Cysteamine was self-assembled by immersing the cleaned gold
substrate in a 10 mM ethanolic solution of cysteamine at room
temperature. Absolute ethanol solution was used to limit the
incorporation of water into the structure of self-assembled
monolayer. Therefore a well-ordered and high dense mono-
layer of cysteamine was obtained. Although a self-assembled
monolayer (SAM) forms rapidly on the substrate, but to ob-
tain a well-ordered and defect free SAM layer, the gold sub-
strate was left in the thiol solution for three days.
2.3. Assembly of the colloidal templates
The deposition of the colloidal template layerswas carried out in
a thin layer cell made up of the cysteamine coated gold substrate
and a clean, uncoated,microscope cover glass held 150 lmapart
by a spacer cut fromParaﬁlm (Pechiney Plastic Packaging, Inc.).
The space between the two plates was ﬁlled with the aqueous
1 wt% suspension of polystyrene latex spheres. The transparent
glass plate allows the ﬁlling of cell to be monitored and a very
slight argon (obtained from BOC) stream was used to remove
any trapped air bubbles. The ﬁlled thin layer cell was held verti-
cally in an incubator (Model LMS series 1) in order to control
the rate of evaporation from the cell.
2.4. Electrochemical deposition of Au and Pt ﬁlms
Electrochemical deposition was performed in a thermostated
cell at 25 C. The template-coated gold substrate was the work-
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and a homemade saturated calomel reference electrode (SCE).
Gold was deposited under potentiostatic conditions at
0.75 V vs. SCE and 25 C from a commercial cyanide free gold
plating bath obtained from Technic Inc. (California, USA).
Platinum was deposited under potentiostatic conditions at
0.05 V vs. SCE from 50 mM solutions of hexachloroplatinic
acid, (purity 99.9%, Aldrich). In some experiments gold and
platinumﬁlmswere grownwith a series of steps of various thick-
nesses. This was achieved by withdrawing the substrate in a ser-
ies of steps (each of about 500 mm) from the electrodeposition
solution using a microstage.
2.5. Instrumentation
Electrochemical deposition was performed in a conventional
three-electrode conﬁguration with an Autolab potentiostat/
Galvanostat Model PGSTAT30. An environmental scanning
electron microscope, SEM (Philips XL30 ESEM) was used
to study the morphology and structure of both the polystyrene
templates and the metal ﬁlms.
3. Results and discussion
3.1. Chemical modiﬁcation of gold substrates
Cysteamine was self-assembled onto the evaporated gold sub-
strates by immersing the freshly cleaned gold substrate in a
10 mmol dm3 ethanolic solution of cysteamine at room tem-
perature for three days. The principle is simple. The SH group
of the thiol molecules adsorb readily from solution onto theFigure 1 SEM images of templates made from polystyrene spheres of
two layers, (c) 7 layers and (d) 15 layers.gold, creating a dense monolayer (Kawasaki et al., 2000).
Modifying the gold substrate with cysteamine has two effects.
First, it increases the efﬁciency of the assembly of the polysty-
rene spheres on the gold substrate by increasing the substrate–
particles interaction. This is because the substrate surface is
positively charged as results of the chemical modiﬁcation with
the cysteamine and the spheres have a negative surface charge
due to the sulfate groups used to stabilize the polystyrene sus-
pension (Poehlein et al., 1983). Second, it increases the wetta-
bility of the gold substrate. It was found that the contact angle
for the drop of water changed from 70 to 40 for gold surface
before and after treating with cysteamine, respectively. This
signiﬁcant increase in the wettability assists the formation of
a thin meniscus between the spheres and the substrate. The
meniscus formed between the spheres and the substrate and
that formed in between the spheres produce substantial forces
that direct the spheres to assemble in a well-ordered and close-
packed structure.3.2. Assembly of templates
Recently, the strong capillary forces which develop at a menis-
cus between a substrate and a colloidal solution have been
used to produce three dimensional arrays of controlled thick-
ness (Vlasov et al., 2001; Denkov et al., 1993; Nagayama,
1996; Jiang et al., 1999). If this meniscus is slowly swept across
a vertically placed substrate, for example solvent evaporation,
by thin planar opaline ﬁlms can be deposited. A modiﬁcation
of this approach was used in the present work using cyste-
amine modiﬁed gold surfaces which greatly enhances the500 nm diameter and have different thicknesses (a) monolayer, (b)
354 I.M.I. Ismailassembly of the template. The formation of close-packed mon-
olayers or multilayers of colloidal particles on the modiﬁed
gold surface was achieved by careful control of the evapora-
tion rate of the suspension. The arrangement of the spheres
in the template ﬁlms was investigated using high magniﬁcation
scanning electron microscopy. Fig. 1 shows a typical template
assembled from 500 nm polystyrene spheres on a cysteamine
treated gold surface. The spheres are close-packed in a well-
ordered hexagonal array. Apparently the ﬁlms are oriented
with their axes parallel to the substrate. One of the great
advantages of the method used in this paper of colloidal crystal
formation is its ability to create samples with controlled
thickness. This was achieved by controlling such parameters0
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Figure 2 Current–time curves together with the corresponding SEM
600 nm diameter. The electrodeposition potential was 0.75 V vs. SCE
and (d) 1d, where d is the sphere diameter 600 nm.
Figure 3 SEM images for nanostructured platinum ﬁlms grown t
diameter (a) top view for a ﬁlm of 200 nm height, (b) side view for a
illuminated with white light over a large area.as the colloidal concentrations, thickness of the thin layer cell
and repeating the assembly step for several times. It was pos-
sible to vary the thickness of the templates from a single mono-
layer (Fig. 1a), two layers (Fig. 1b), seven layers (Fig. 1c) and
up to 15 layers (Fig. 1d).
After drying, the template appears opalescent with colours
changing from green to red, depending on the angle of obser-
vation, clearly visible when illuminated from above with white
light. The templates are robust and adhere well to the gold sub-
strates. Normally, the templates are left in the electroplating
solutions for 20 min before applying the potential required
for the electrodeposition. This time is to give a chance to the
metal ions to diffuse in the intestinal spaces between the/s
(c)3/4 (d)1
images for gold templated ﬁlms made using polystyrene spheres of
. The ﬁlms have various thicknesses of (a) 1/4d, (b) 1/2d, (c) 3/4d
hrough a monolayer template of polystyrene spheres of 900 nm
ﬁlm of 650 nm height, (c) optical images for the same ﬁlm when
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ical deposition. Although this long time being the latex parti-
cles in contact with the electroplating solution, there was no
evidence for their re-suspension in the solutions. Using this
technique, mono or multilayer of microsphere array of areas
greater than 1 cm2 can be produced from sphere sizes ranging
from 200 nm up to 1000 nm.Figure 4 SEM and optical images for a stepped, structured gold
ﬁlm grown through a 900 nm sphere diameter template. The arrow
shows the direction of the increasing of the ﬁlm thickness.3.3. Electrochemical deposition
Gold and platinum ﬁlms of controlled thickness were electro-
chemically deposited from aqueous solution through the pre-
assembled templates. For the sake of simplicity, the plating
of gold will be speciﬁcally reported here, platinum follows very
similar lines, using different solutions and voltages. Gold ﬁlms
were deposited using a conventional three-electrode cell con-
trolled by an Autolab PGSTAT30 under potentiostatic condi-
tions at 0.75 V vs. SCE. Fig. 2a–d shows the current vs. time
curves together with the SEM images for ﬁlms grown up to
various thicknesses of 1/4, 1/2, 3/4 and 1 of the sphere diame-
ter, respectively. The plating ﬁlms were electrodeposited
through a micro-sphere template of single monolayer. During
the electrodeposition of gold through the template it was ob-
served temporal oscillations in the reduction current, which al-
lowed to control the thickness of macroporous gold with a
precision of approximately 10 nm. These oscillations can be
explained by the periodic variation of the active electrode sur-
face area during the growth of gold in the template. At the
beginning of the deposition each polystyrene sphere of the
template is in contact with the electrode surface at only one
point, and therefore both the electrode surface and the deposi-
tion current are maximal (Fig. 2a). As the gold grows into the
template, the active electrode surface area decreases continu-
ously and goes through a minimum (Fig. 2b) when the metal
thickness reaches the middle of the monolayer of spheres be-
cause the particles are touching each other at this level. The
current then increases as the ﬁlm grows beyond this point
and the active electrode area increases (Fig. 2c–d). Oscillations
of this kind have been observed by others (Szamocki et al.,
2006). In the present case the oscillations are extremely high
in amplitude and give us an easy and reliable way to control
the ﬁlm thickness.
Film thicknesses were also calculated using the radius of the
pore mouth measured in the SEM and the known radius of the
template sphere. From simple trigonometry the thickness is gi-
ven by:
t ¼ r ðr2  r2poreÞ1=2; ð1Þ
where, t is the ﬁlm thickness, r the radius of the template
sphere and rpore the radius of the pore mouth. The choice sign
for the ± term depends on whether the ﬁlm is thicker or thin-
ner than the radius of the template sphere. Good agreement
between the ﬁlm thickness obtained from the current time
curve and that calculated using Eq. (1).
Platinum electrodeposition was performed at 50 mV vs.
SCE using 50 mM solutions of hexachloroplatinic acid.
Fig. 3a shows top view SEM images of nanostructured plati-
num ﬁlms grown with a 200 nm ﬁlm thickness onto gold sub-
strates covered with templates made up of 900 nm diameter
polystyrene spheres. Fig. 3b shows side images of a platinumﬁlm with thickness of 650 nm grown through a template of a
monolayer of polystyrene spheres (900 nm diameter). In this
case, the samples were prepared by fracturing the glass slide
and supported ﬁlm after deposition to show a fractured edge.
The SEM images show that the spherical segment voids left in
the platinum ﬁlms after the removal of the polystyrene spheres
have smooth and uniform mouths and are arranged in a well-
ordered, close-packed, array as expected from the structure of
the original template. The centre to centre distance measured
for the pores in the ﬁlm shown in Fig. 3a, and for similar
SEM images of other ﬁlms, is the same as the diameter of
the polystyrene spheres used to prepare the template; thus
the diameter of the spherical segment voids within the plati-
num ﬁlm is directly determined by the diameter of the polysty-
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dered structure of the spherical voids within the gold and plat-
inum and because the pore diameters correspond to the
wavelength of visible light, these metal ﬁlms exhibit optical dif-
fraction phenomena that lead to striking optical properties.
Fig. 3c shows a photograph of part of the macroporous gold
ﬁlms, when a wide area is illuminated with white light from
a halogen lamp. These surfaces are strongly coloured, the pre-
cise colour depending on the viewing angle, void diameter and
ﬁlm thickness (Yan et al., 2000).
In an attempt to calculate the sample domain size (i.e. the
area where the spherical cavities have the same alignment)
sequential SEM images were taken to scan the whole sample.
Scanning along platinum ﬁlm shown in Fig. 3a and other sam-
ples showed domain sizes ranging from 0.2 cm2 up to 0.5 cm2.
To grade the thickness of the deposited ﬁlm, the sample is
mounted on a micrometer stage, allowing the systematic
retraction of the surface out of the plating bath. Fig. 4 shows
SEM images together with corresponding optical images for
nanostructured ﬁlms of gold grown through a monolayer tem-
plate of 900 nm of polystyrene spheres (similar results were ob-
tained for platinum ﬁlms). Films were grown with a series of
steps in thickness by withdrawing the substrate in a series of
steps (each 500 lm) from the solution during electrodeposit-
ion. In this way, the ﬁlm height was systematically increased in
steps from 0 to 1 D. The optical images show the striking range
of colors of the ﬁlm when viewed at normal incidence, chang-
ing from gray-green through red, orange and then back to
gray-green as the ﬁlm thickness increases from 0 to 1 D. The
corresponding SEM images show the associated change in
pore mouth diameter. These procedures enabled studying sev-
eral topologies of nanostructured surfaces contained within
one sample instead of fabricating of several samples.
4. Conclusion
In this paper, it was reported that the chemical modiﬁcation of
gold substrates with cysteamine greatly enhanced the self
assembly of the polystyrene spheres through increasing the
wettability and the particle substrate interaction. The combi-
nation of the self-assembly technique using colloidal particles
and electrochemistry have been used successfully to fabricate
highly ordered macroporous silver and copper with very pre-
cise control over the ﬁlm thickness. Because the pore diameters
of the nanostructured ﬁlms correspond to the wavelength of
visible light, these metal ﬁlms exhibit optical diffraction phe-
nomena that lead to striking optical properties. The thickness
of the electrodeposited ﬁlm was precisely controlled by varying
the charge passed during electrodeposition and watching theshape of current time curves. It is clearly evident that the ﬁlm
colour varies with the ﬁlm thickness indicating that the precise
geometry of the structured ﬁlm is an important factor in con-
trolling the optical properties.Acknowledgements
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